Recently, photodynamic compounds have been perceived as potential herbicides, [1] [2] [3] among which the diphenyl ethers (DPEs) have been well studied, practically applied, and put to commercial use. However, DPEs have been found to be skin and eye irritants. In contrast, 5-aminolevulinic acid (ALA) is harmless for humans and animals, in addition to being biodegradable. 4) ALA is the universal precursor for synthesis of tetrapyrroles, including chlorophyll and heme. [5] [6] [7] [8] Although ALA is readily available, its use is limited to small-scale biochemical investigation and its current cost for field application is relatively high compared to commonly used chemical herbicides. Furthermore, production of it by chemical synthesis 9) has not been used for commercial production. Therefore, microbiological production of ALA may be expected to become commercially available due to its simple reactions.
ALA can be synthesized biologically by two distinct metabolic pathways. First, in the C 4 pathway, 2, 10) ALA is formed by the enzyme ALA synthase which catalyzes the pyridoxal phosphate-dependent condensation of succinyl coenzyme A (succinyl-CoA) and glycine ( Fig. 1) . ALA synthase is the product of the hemA gene in Rhodobacter sphaeroides, 11) and the biosynthesis of ALA is dominated by the repression of this enzyme. In the second pathway, the C 5 pathway, 5, 6, 12) ALA is formed in three steps from (i) glutamate: ligation of tRNA to glutamate, (ii) reduction of glutamyl-tRNA to generate glutamate 1-semialdehyde (GSA), and (iii) transamination of GSA to generate ALA. Overproduction of ALA by recombinant E. coli containing Bradyrhizobium japonicum hemA in the C 4 pathway was investigated by our research group. 13) The formation of ALA in cells is tightly regulated, 14, 15) and wild-type microorganisms do not secrete ALA into growth medium. But recombinant E. coli BL21(DE3) excreted ALA in the medium during cultivation. Sasaki et al. 7) observed extracellular accumulation of ALA by R. sphaeroides up to 16 mM at neutral pH with the addition of levulinic acid (LA) in a volatile fatty acid medium.
In the present study, we investigated the effects of pH levels on ALA synthase activity and ALA production in a jar-fermenter culture of recombinant E. coli. Moreover, the effects of certain nutritional factors on fermentative production of ALA, such as nitrogen source and ratio of carbon to nitrogen (C/N), were also investigated in recombinant E. coli.
y To whom correspondence should be addressed. Fax: +82-2-3290-3427; E-mail: bumshik@korea.ac.kr Abbreviations: ALA, 5-aminolevulinic acid; PBG, Porphobilinogen; DPEs, diphenyl ethers; LA, levulinic acid; CHPY, 2,5-(-carboxyethyl) dihydropyrazine
Materials and Methods
Materials. Yeast extract, tryptone, and agar were purchased from Difco Laboratories (Detroit, MI). Glycine and succinic acid as precursors for production of ALA were purchased from Junsei Chemical Industry Co., Ltd. (Hiroshima, Japan). Sodium acetate, Tris-HCl, ATP, MgCl 2 , pyridoxal phosphate, coenzyme A, pdimethylamino benzaldehyde, -mercaptoethanol, potassium chloride, acetic acid, glacial acetic acid, and 70% perchloric acid were from Sigma. All chemicals were of analytical grade purity.
Strain and fermentation conditions. Recombinant E. coli was prepared as described previously. 13) All optimization studies were conducted in 250 ml shake flasks containing 50 ml medium. The complex medium used was Luria-Bertani (LB) medium containing, per liter: 5 g yeast extract, 10 g tryptone, and 10 g NaCl. The minimal medium (MH) was modified from that of Horn et al., 16) 37 C, and then 0.5 ml culture was inoculated into shake flasks. Each shake flask was supplemented with other carbon sources (e.g., glucose and succinate). Cultures were grown for 8 h at 250 rpm at 37 C. The optimal shake flask results were used to conduct controlled fermentation (KF-2.5L, KFC, Korea). A 2.5-liter jar-fermenter contained 1-liter medium and was inoculated with 50 ml of the shake flask culture to provide an initial optical density at 600 nm (OD 600 ) of approximately 1.0. The jar-fermenter was operated at 400 rpm, 37 C, at an air flowrate at 1.5 l/min and a pH of 6.5, which was controlled with 5 N HCl and 5 N NaOH. Silicone antifoamer (non-ionic emursifiers, Sigma) was added occasionally to remove the foam in the culture.
Stability of ALA in aqueous solution. The solutions of ALA at different pH levels and 25.6 mM of concentration were prepared by dissolving ALA in buffer solutions by the addition of 0.1 M NaOH to obtain the required pH, as checked with a pH meter. The buffer solutions were: pH 5.5 (0.9 M acetic buffer), pH 6.0 (0.9 M acetic buffer), and pH 6.5 to pH 8.0 (1 M phosphate buffer). Solutions of 25.6 mM of ALA at pH 5.5 to pH 8.0 were incubated within the temperature range at 37 C.
Preparation of cell extracts. Cultures were harvested by centrifugation at 6,000 rpm for 15 min at 4 C. Transferred cells were washed three times with 100 mM Tris-buffer (pH 7.5). After centrifugation, the pellet was resuspended in 100 ml of same buffer.
Cell extracts were prepared by sonicating the cell suspension (ultrasonic processor, Tokyo) for 5 min. The disrupted cells were centrifuged at 12,000 rpm for 30 min at 4 C. The supernatant was transferred to tubes and used for analysis of enzymatic activity. Protein in the supernatant was measured by the Lowry 17) method, with bovine serum albumin as the standard.
Isolation of ALA synthase. The crushed preparation was treated ultrasonically for 5 min in 100 ml of 100 mM Tris-buffer (pH 7.5). Cell extract was then subjected to fractionation with a 30-45% saturated ammonium sulfate fractionation. The pellet from the 45% saturated ammonium sulfate was dissolved in 50 ml of DEAE Bio-gel column equilibrium buffer (100 mM Tris buffer, pH 7.5), and dialyzed against 4-liter of the same buffer overnight. The dialyzed protein solution (30 ml) was clarified by centrifugation at 12,000 rpm for 20 min at 4 C and loaded onto a DEAE-cellulose column (2:5 cm Â 15 cm). The column was washed with approximately 150 ml of an equilibrium buffer and eluted by a 2-liter linear gradient of 0 to 0.4 M KCl in the equilibrium buffer. Fractions of high constant specific activity were pooled and concentrated to about 8 mg/ml by ultrafiltration (Amicon PM 30 membrane, Millipore, Bedford, MA). The concentrated crude enzyme preparation was loaded onto a Sephacryl S-200 HR gel filtration column (1:5 cm Â 100 cm) that was previously equilibrated with 100 mM Tris-buffer, pH 7.5, containing 20 mM 2-mercaptoethanol and 2 mM MgCl 2 , 20% glycerol. Then the concentrated crude enzyme was applied to a Sephadex G-75 column (1:5 cm Â 100 cm) equilibrated with 100 mM Tris-buffer, pH 7.5, containing 20 mM 2-mercaptoethanol and 2 mM MgCl 2 , 20% glycerol. The fractions with high specific activity were combined, concentrated by ultrafiltration (Amicon PM 30 membrane) to about 4 mg/ml, flash-frozen in liquid N 2 , and stored at À80 C.
Assay of ALA concentration and ALA synthase activity. The concentration of ALA in the culture was analyzed by the method described by Mauzerall and Granick. 18) ALA synthase activity was determined by the method described by Burnham. 19) One unit of enzyme activity was defined as the amount of enzyme that produced 1 mmol of ALA in 1 h at 37 C. Specific activity was defined as micromoles of ALA formed per hour per milligram of protein. All assays were carried out in triplicate.
Assay of PBG concentration and ALA dehydratase activity. The concentration of PBG in the culture was analyzed by the method described by Mauzerall and Granick. 18) ALA dehydratase activity was determined by the method described by Mitchell and Jaffe. 20) One unit of enzyme activity was defined as the amount of enzyme that produced 1 mmol of PBG in 1 h at 37 C. Specific activity was defined as micromoles of PBG formed per hour per milligram of protein. All assays were carried out in triplicate.
SDS-PAGE analysis. The proteins of cell extracts were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). A 10% (w/v) separation slab gel was prepared by the method of Laemmli. 21) Proteins were stained with Coomassie brilliant blue G.
C/N ratio. The basic growth conditions included a temperature of 37 C and pH 6.5 in M9 medium containing glucose as a substrate at a level of 2 g/l and 100 mg/ml of ampicillin. The concentrations of carbon sources were varied in the range 5 to 35 g/l. Nitrogen sources used included urea and sodium nitrate. The concentrations of nitrogen sources varied from 0.2 to 2.4 g/l. The values of the C/N ratio were computed from the weight of total carbon and that of total nitrogen.
Results and Discussion
Effect of pH levels on ALA production in jarfermenter
The effect of pH on ALA production was investigated at various pHs (5.5 to 8.0) in LB medium. As shown in Fig. 2 , extracellular ALA production was significantly enhanced when pH was maintained at pH 6.5 compared with that at lower or higher pH values. To obtain high yields of ALA, inhibition of ALA dehydratase might be necessary. ALA dehydratase can be inhibited very effectively using either substrate or product analogues. 22) Utilizing the most widely used substrate analog, LA, high amounts of ALA were produced with various microorganisms, and its addition at the middle log phase of the culture resulted in high ALA yields. 23) Sasaki et al. 7) observed extracellular accumulation of ALA by R. sphaeroides up to 16 mM at neutral pH with the addition of LA in a medium containing volatile fatty acids. Our maximum ALA production was 23 mM, observed at pH 6.5 with the addition of LA using a jar-fermenter. Hence accurate pH control at 6.5 is important for extracellular ALA production with this culture system.
The stability of ALA at various pH levels Previous studies have shown that ALA reacts nonenzymatically to yield several condensation products. Aqueous solutions of ALA are chemically unstable in a physiological pH.
24) The stability of ALA is influenced by pH, concentration, and time, 25) but the kinetics of the chemical reaction have not been investigated. Franck and Stratmann 26) and Scott 27) showed that porphobilinogen and 2,5-(-carboxyethyl) dihydropyrazine (CHPY) are formed in alkaline conditions. Butler and Gerorge 28) showed three condensation products of ALA depending on the reaction conditions. At moderate pH and under anaerobic conditions, CHPY is formed, which is oxidation to 2,5-(-carboxyehtyl) pyrazin (CPY). CHPY is formed with pseudoporphobilinogen in strong alkaline solutions (Fig. 1 ). Elfsson and Wallin 29) showed that the degradation rate increased about 1.5 times with each 10 C rise in temperature between 37 C and 85 C, and that the degradation rate of ALA at low pH and low temperature decreased.
In the present study, solutions of ALA in a pH range (pH 5.5 to pH 8.0) were investigated at 37 C. The degradation of ALA increased at high pH (Fig. 3) . The degradation rate of ALA increased at higher temperatures at which ALA lost stability (data not shown). The half-life for the decomposition of ALA at pH 8.0 at 37 C was 12 h. Increased ALA stability in an aqueous solution of low pH (pH of 5.5 or lower) and at low temperature was deduced from changes in the yellowish color. Furthermore, the degradation rate also depended on the ALA concentration.
Purification of ALA synthase ALA synthase from R. spaeroides was first purified as a single enzyme of approximately 80 kDa, consisting of two polypeptides of 41 and 45 kDa each.
30) The procedures for ALA synthase purification from 20 g of wet cells of recombinant E. coli are summarized in Table 1 . ALA synthase encoded by hemA from B. japonicum has a molecular mass of 44 kDa (Fig. 4) . B. japonicum is a family of rhizobia that form symbiotic root nodules on leguminous plants. 31) The ALA synthase gene of B. japonicum was cloned in 1987 and identified as hemA, which encodes a 409 amino acid protein with a molecular weight of 44,599.
32)
The biosynthesis of ALA in photosynthetic bacteria is a Cells were grown at 37 C on LB medium in the jar-fermenter (pH 6.5) containing 100 mg of ampicillin per ml for 10 h. b One unit of enzyme activity was defined as the amount of enzyme that produced 1 mmol of ALA in 1 h at 37 C. tightly regulated by feedback inhibition at the level of ALA formation, and the activity of ALA synthase is the rate-limiting step in tetrapyrrole biosynthesis. But studies with B. japonicum indicate that ALA dehydratase, which catalyzed the second heme synthesis step, is the first essential enzyme. 33) Also, nucleic acid sequences of ALA synthase from B. japonicum showed low identity (68%) with those of other photosynthetic bacteria, which suggests that the mode of feed-back regulation of heme biosynthesis might not be the same. Hence we assumed that ALA synthase of B. japonicum might be a better candidate for ALA production in E. coli by metabolic pathway engineering than that isolated from R. sphaeroides.
ALA synthase activity at various pH levels in the jarfermenter
We adjusted the pH of the jar-fermenter to pH 5.5 to pH 8.0. Mariet and Zeikus. 10) showed that ALA synthase activity was high at pH 6.5 to 7.0. They obtained 1.92 U/mg of ALA synthase activity. The ALA synthase activity of B. japonicum hemA was 53 U/mg, about 30 times greater than that obtained by Mariet and Zeikus. 10) A marked effect of the pH of the medium on ALA synthase levels was observed at 6.5. At higher pH, much lower levels of ALA synthase activity was observed. When ALA was produced at pH 6.5, the intracellular enzyme activities of both ALA synthase and ALA dehydratase were investigated in this culture system. The value of ALA synthase activity in E. coli BL21(DE3) containing hemA plasmid was 53 U/mg ( Table 2 ). As shown in Table 2 , intracellular ALA synthase activity was significantly enhanced under controlled pH, while ALA dehydratase was inhibited. This value was almost same as the optimum pH during fermentation using the jar-fermenter. For extracellular ALA production, the intracellular balance between the enzyme activities of ALA synthase and ALA dehydratase appeared to be important, as shown in Table 2 and Fig. 3 . Under the lower pHs (5.5 and 6.0), ALA dehydratase activity was relatively low, and ALA synthase activity was also low. This led to low ALA production. At pH 8.0, ALA synthase activity was low and ALA dehydratase was relatively high. In this case, ALA synthesized in the cells perhaps further metabolized to tetrapyrrole compounds, which resulted in the low extracellular ALA production.
Based upon these facts, we conclude that high ALA synthase activity and moderate inhibition of ALA dehydratase are necessary for maximal ALA production. Also, we found that pH 6.5 of the culture broth in this culture system indirectly established the appropriate balance between enzymes in the cells for ALA production.
Effect of C/N ratio on the production of ALA Although the carbon source used for ALA production in many microorganisms is glutamate, ALA also can be produced with other carbon sources. As for other nutrients, a variety of amino acids can be used for ALA production. 34, 35) Organic waste also can be used.
36)
We compared ALA production in two media with different nitrogen sources. Complex medium (LB), containing yeast extract tryptone and NaCl, can serve as a source of most building blocks for macromolecular synthesis. Glucose in such a medium is mainly used for energy. Hence complex media are not suitable to investigate the precise role of carbon and nitrogen sources on high-level synthesis of foreign proteins by recombinant culture. We used minimal medium, M9, in which carbon-nitrogen sources and their concentrations were manipulated in view of the experimental goal. Our results indicate that ALA production was quite different when additional tryptone or NH 4 Cl was used (Table 3) . Other reports have found that the composition of the fermentation medium played key roles in microbial ALA production. 1, 10, 36) A substrate for ALA synthase and a potential nitrogen source, glycine was fed during all fermentations, and cells were provided with ample nitrogen. Glucose was used as a single source of carbon in M9 medium to examine the effect on ALA production of the recombinant E. coli BL21(DE3) during cultivation in the jar-fermenter. The concentration of glucose varied in the range 5-35 g/l. At a concentration of glucose of 20 g/l, ALA production was highest (Fig. 5) , but the addition of glucose of at the initial stage of a Cells were grown at 37 C on LB medium in the jar-fermenter containing 100 mg of ampicillin per ml for 8 h. b Data from Fig. 2 . c One unit of enzyme activity was defined as the amount of enzyme that produced 1 mmol of ALA in 1 h at 37 C. d One unit of enzyme activity was defined as the amount of enzyme that produced 1 mmol of PBG in 1 h at 37 C. e The data express the averages of triplicates. culture decreased the production of ALA. Also, cell growth was slightly inhibited at the initial period of fermentation when glucose was added (data not shown). This might be due to the repression of cell growth by glucose. Generally, glucose is used as a carbon growth factor of microorganisms, but, in this study, when glucose was initially added for cell growth, inhibition of cell growth and no expression of ALA synthase were detected. This might imply that glucose regulates the cAMP concentration, which results in inhibition of cell growth. Another possible explanation is that the B. japonicum hemA gene itself might contain regulatory sequences affecting the expression of ALA synthase in E. coli. 37) A similar tendency of cell growth, which was terminated when glucose was completely exhausted, was observed both with the glycine containing culture and the control culture. Production of ALA was maintained for a few hours even after glucose exhaustion (Fig. 5) . These results showed the same trend as the results of the previous study. 38) The presence of glucose significantly decreased ALA synthase activity. Plasmid copy number can be influenced by the carbon substrate, 39) and such a phenomenon might have been a factor in this study. Recombinant E. coli grew more slowly and to a lower cell density in the ammonium medium than in the tryptone medium.
38) The presence of glucose in either medium resulted in significantly lower activity (<18 U/mg protein), while the addition of succinate resulted in enhanced activity compared to LB medium without the initial addition of a carbon source.
When using tryptone as a nitrogen source, the amount of ALA was 23 mM. Without the nitrogen source, was 16 mM. The effects of the nitrogen sources NH 4 Cl and urea on ALA production were not significant (data not shown). These results indicate that tryptone is an ideal nitrogen source for ALA production. When the C/N ratio was 8:1, ALA production was the highest (Table 3) .
Conclusions
As for the biological production of ALA, we reported previously the relatively large amount of extracellular ALA production (20 mM or 23 mM) using a recombinant E. coli from glycine-succinyl-CoA when LA or glucose, inhibitors of ALA dehydratase in tetrapyrrole biosynthesis, was added to the jar-fermenter. In this study, since our previous results suggested a limit on cell growth during ALA accumulation, we were interested in determining whether medium pH or nutritional factors play important roles in the synthesis of ALA. We observed maximal ALA production (23 mM) when the pH of the culture was controlled at pH 6.5. This suggests that the pH of the culture broth might be an important factor. In addition, intracellular ALA synthase and ALA dehydratase activities were observed, which elucidates the reason ALA excretion varied depending on the pH of the culture broth. To enhance the accumulation of ALA, careful medium selection, as well as using a suitable strain or optimal production, might minimize the accumulation of possible by-products such as inhibition of cell growth or acetic acid. 
